The phase structure and the pitting susceptibility of two carbon steels, Q235 and HRB335, used 
Introduction
Reinforced concrete is widely used as building material because the corrosion resistance of the embedded carbon steel for the reinforcement plays a significant role in the life of reinforced concrete. In a high quality concrete, the embedded carbon steel prevents corrosion by forming a passive film on a steel surface, which slows down the access of oxygen, moisture, and various aggressive species to the interface between steel and concrete [1] . Among all the aggressive species, chloride ions exhibit the strongest attack on passive film. Chloride ions may be introduced to the concrete from raw material, such as water and sand, or they can penetrate from the outside in highway viaducts where de-icing salts are used as well as in marine structures [2] . In practice, the corrosive attack due to chloride penetration usually leads to pitting corrosion, which causes catastrophe because its initiation and propagation is difficult to predict.
The pitting susceptibility of carbon steel is related to the microstructure and composition of the steel and inhibitors used for the formation of passive films [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Various carbon steels usually are combined for use because of the need for strength and tenacity. For example, two kinds of carbon steels, Q235 and HRB335, are usually used together in reinforced concrete structures to improve the strength of concrete. It is necessary to understand the pitting susceptibility of various kinds of carbon steel for their successful application in reinforced concrete. The aim of this work is to understand the difference in pitting susceptibility between Q235 and HRB335.
Experimental

Electrodes and solutions
The composition of Q235 and HRB335 is given in Table 1 . The steel specimens (φ 0.8 cm × 0.5 cm) were embedded in epoxy resin, with a test area of 0.5 cm 2 . Prior to each measurement, the working surface of specimens was polished with different SiC 2 abrasive papers and Al 2 O 3 powder of 0.05 μm, then degreased with ethanol and rinsed with de-ionized water successively.
The saturated Ca(OH) 2 solution was prepared as simulated concrete pore solution (SPS) with de-ionized water. NaCl was added to form the solution containing chloride ions. All the chemicals used were of analytical grade. 
Phase-structure observation
Optical microscope (ECLIPSE 50iPOL, Nikon Corporation) was used to observe the microstructure of Q235 and HRB335. Before the observation, the specimens were etched with 0.2 % Nital for 10s, degreased with ethanol and rinsed with de-ionized water.
Electrochemical measurement
The electrochemical measurements were carried out with PGSTAT-30 (Autolab, Eco Chemise B. V. Company). A classical three electrodes electrochemical cell was used. A platinum sheet with a geometric area of 1 cm 2 was used as the counter electrode and a saturated calomel electrode (SCE) was used as the reference electrode. All the potentials in this paper are versus the SCE. The electrolyte was deareated with nitrogen for 30 min before each measurement, and all the electrochemical measurements were carried out at ambient temperature without stirring. The potential scanning rate used in the polarization curve measurements was 0.5 mV s -1 . The impedance measurements were carried out in frequency range from 100 kHz to 0.01 Hz. In the Mott-Schottky measurement, the frequency used was 1 kHz and the potential step was 5 mV. Prior to each measurement, the working electrode was firstly kept at -1.15 V for 30 min, then at 0 V for 60 min to form a passive film, and finally it was stabilized at open circuit potential (OCP) for 30 min.
Results and Discussion
Phase structure
Fig. 1 presents the phase structure of Q235 (A) and HRB335 (B). Both, Q235 and HRB335 have two phases, pearlite and ferrite [11, 13] . However, the proportion of ferrite and pearlite is different in HRB335 and Q235. Ferrite phase prevails in Q235 while in HRB335 prevails mainly pearlite. The composition of two carbon steel is similar except for the contents of Mn and Si (Table 1) , which might account for the difference in microstructure between two carbon steels. From the different microstructure of the two carbon steels, it can be expected that they exhibit different pitting susceptibility [3, 9] . 
Polarization curve
In order to understand the formation process of passive film and to determine the passive potential range, a potential scan ranging from -0.6 to 0.65 V is performed. . The sharp increase of the current density at point d (0.65 V) is ascribed to the O 2 evolution, which depends on pH of the solution [13] . The current plateau of the anodic polarization curve indicates the formation of passive film within the potential domain from -0.18 to 0.65 V for both carbon steel electrodes. Fig. 3 shows the polarization curves of Q235 and HRB335 in the SPS containing 0.4 M chloride ions. Before the measurement, the two carbon steel electrodes were passivated in SPS, in absence of chloride ions, at the potential of 0 V for 60 min. In SPS containing 0.4 M chloride ions, the breakdown of passive films on both electrodes, Q235 and HRB335, occurs at the potential, which is indicated by a drastic increase of current. However, the breakdown potential values of passive
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A r t i c l e i n P r e s s films were different, i.e. about 0 V for Q235 and 0.34 V for HRB335. Therefore, the passive film formed on Q235 is more susceptible to chloride ions than the one formed on HRB335 electrode. A passivated electrode can be modeled by the equivalent circuit of Fig. 5 . In Fig. 5 , R S represents the solution resistance; R f and Q are the resistance and the space charge layer capacitance of the passive film. The element Q is usually represented by the constant phase element (CPE) in which n is in the range between 0.5 and 1 due to the surface heterogeneity and surface roughness of the passivated electrodes [14] . The impedance of a CPE is given by   The capacitance element Q (CPE) is pure capacitance when n = 1 and pure resistance when n = 0. The results obtained from fitting with Fig. 5 are shown by solid lines in Fig. 4 and by the data in Table 2 . It can be seen from Table 2 that, in the solution without chloride ions, the film resistance (R f ) of Q235 is smaller than the one of HRB335, indicating that the passivated Q235 tends to react more easily than the passivated HRB335. When chloride ions are added in the solution, the resistance of the film decreases for both carbon steel electrodes. 
Electrochemical impedance
Mott-Schottky analysis
Passive films of most metals behave as semiconductor [15] [16] [17] [18] . In the high frequency domain, the Mott-Shottly approach is a good tool for characterizing the semiconducting properties of a passive film [19, 20] . When the frequency used for the impedance measurement is high enough, potential dependence of the capacitance of space-charge layer (C sc ) is expressed by Mott-Schottky relationship [5] :
For n-type semiconductor
For p-type semiconductor
where e is electron charge (1.6×10 -19 C), ε r is dielectric constant, taken as 15.6 [17] . ε 0 is the vacuum permittivity (8.85×10 -14 F cm -1 ), N D is donor density, N A is acceptor density, E is the applied potential, φ fb is flat-band potential, k is Boltzmann constant (1.38 × 10 -23 J K ) [21] . A donor density of a passive film determines its pitting susceptibility. The larger the donor density is, the more susceptible to pitting of the passive film is. The donor density of passive film formed on Q235 is 4.42 × 10 26 m -3 , which is higher the one of HRB335 (2.29 × 10 26 m -3
), confirming that Q235 is more susceptible to pitting than HRB335. Table 2 . Fitting results of the experimental data in Fig. 4 
Conclusions
Based on the results from phase observation, potentiodynamic polarization, electrochemical impedance measurements and Mott-Schottky analysis of passive films of two carbon steel electrodes, it can be concluded that Q235 is more susceptible to pitting than HRB335. Q235 has a phase structure of ferrite, which tends to form a less stable passive film and thus is more susceptible to chloride ions than HRB335, whose phase structure is pearlite.
